The success of deep brain stimulation (DBS) surgeries for the treatment of movement disorders relies on the accurate placement of an electrode within the motor portion of subcortical brain targets. However, the high number of electrodes requiring relocation indicates that today's methods do not ensure sufficient accuracy for all patients. Here, with the goal of aiding DBS targeting, we use 7 Tesla (T) MRI data to identify the functional territories and parcellate the globus pallidus pars interna (GPi) into motor, associative and limbic regions in individual subjects.
Introduction
The success of deep brain stimulation (DBS) surgery for the treatment of movement disorders, including Parkinson's disease (PD), essential tremor (ET) and dystonia, relies on accurate placement of an electrode within the motor section of subcortical brain targets (Paek et al., 2013; Richardson et al., 2009; Starr et al., 2006; Welter et al., 2014) . However, current neurosurgery stereotactic targeting methods do not ensure such accuracy. In fact, while some studies have reported procedure revision rates ranging from roughly 2% (Fenoy and Simpson, 2014) to 12.4% (Patel et al., 2015) , a more recent study, reporting on over 28,000 cases from two large surgical databases, estimated that as many as 15-34% of DBS procedures require revisions (Rolston et al., 2016) due to no, or very limited, therapeutic benefit, poorly tolerated adverse effects, or complications from the surgery or the hardware. These revisions are commonly performed as a result of patients experiencing a lack of benefit by missing or skimming the motor territory or experiencing low threshold side effects that are likely due to activation of adjacent fiber pathways such as the internal capsule.
Currently, pre-operative targeting is commonly performed using 1.5 Tesla (T), or 3 T magnetic resonance imaging (MRI). Typically, DBS planning involves indirect targeting methods such as fitting template data or a set of consensus coordinates adjusted onto the patient's anatomy. Thus, a lot of efforts have focused on developing new image acquisitions at 3 T (e.g. FGATIR - (Sudhyadhom et al., 2009; Tanner et al., 2012) ) and pushing the resolution and contrast at 7 T. However, these methods, while used by some, are not standard in most centers. There exists a high degree of variability in the size, shape, and location of the DBS targets for each subject (Duchin et al., 2014) . Therefore, commonly used templates may not be suitable to accurately represent the reality of each patient's anatomy. This may cause surgical teams to place an electrode in a non-motor territory of the target resulting in stimulation of a non-motor region, which has been associated with behavioral side effects (Mallet et al., 2007; Okun et al., 2009) .
Ultra-high field MRI, such as 7 T systems, enable researchers and clinicians to clearly visualize the DBS target nuclei (Abosch et al., 2010; Cho et al., 2010; Kerl et al., 2012; Lenglet et al., 2012) . For movement disorders, these include the subthalamic nucleus (STN), the globus pallidus pars interna (GPi), and the ventralis intermedius (Vim) nucleus of the thalamus. These improvements are due to the enhanced image resolution and superior image contrast at 7 T in comparison to a standard clinical scanner (1.5 T or 3 T). Additionally, these benefits are observed while keeping acquisition duration to clinically acceptable lengths (Abosch et al., 2010; Cho et al., 2010; Lenglet et al., 2012; Plantinga et al., 2014) .
A recent study also demonstrated the ability to successfully integrate 7 T data analysis in the pre-planning and post-operative stages of DBS surgeries in order to increase the likelihood of successfully intersecting the target nucleus and provide information on final electrode and contact location with a patient-specific model of the STN (Duchin et al., 2014) . While such developments are essential to identifying the target, in order to reduce the number of non-optimal DBS lead placements, we must be able to define the relative location of motor, associative and limbic territories within the target. This is particularly true given the marked variability across patients of target shape and location.
Uncovering the patient-specific functional organization of DBS targets has the potential to improve targeting as well as patient care by increasing the therapeutic window (offering a wider range of useful settings available for programming), minimizing the patient's side effects and potentially permitting DBS procedures under general anesthesia without the need for intra-operative micro-electrode recording. Additionally, if the location of each DBS contact is known relative to these regions (e.g. motor), algorithms can be developed to optimize stimulation settings and define optimal volumes and locations of tissue activation with DBS. This, may in turn, lead to drastically reduced programming time, speeding a process that can be burdensome to both clinicians and patients who may be off medication during programming sessions. This is particularly true when lead placements are suboptimal.
In PD patients, we have previously demonstrated that 7 T diffusion weighted imaging is capable of generating reproducible, individualized parcellation of the STN into functional territories including motor, associative and limbic regions (Plantinga et al., 2016) . In this study, we seek to uncover patient-specific functional organization of the GPi, another DBS target nucleus for the treatment of PD (Xu et al., 2016) and Dystonia (Fox and Alterman, 2015) in order to aid DBS targeting. A recent study, demonstrated the feasibility of parcellating the GPi in individual subjects based on its connection to other structures and found GPi clusters mostly connected to other subcortical regions as well as the prefrontal cortex (da Silva et al., 2017) . While the above study is relevant to DBS, it was not conducted in patients, and relied heavily on templates for defining all the anatomical structures. Here, we aim at uncovering functional territories, especially the motor territory, in PD and dystonia patients using the patient's own GPi. Furthermore, we demonstrate the clinical relevance of this study's findings based on real-life data and patient's outcomes. Performing such analyses at 7 T is also of significant importance now that the 7 T platform received an FDA approval in the USA for clinical use and that more centers will have access to such data. This is, to date, the first such study at 7 T. Correctly targeting the motor GPi is all the more important since, contrary to STN stimulation, for which benefits are usually quickly identifiable, benefits during GPi stimulation may be delayed making programming difficult (Vitek, 2002) , this is particularly true for dystonia.
Methods
Some elements of this "Methods" section were previously described (Plantinga et al., 2016) .
Participants
Eighteen participants (5 female, age: 59.1 AE 12.5 years) were recruited for this study. The cohort includes 17 DBS patients (15 PD, 2 Dystonia), and 1 healthy control. Patients were referred for DBS surgery at the University of Minnesota (Minneapolis, MN, USA). Surgical candidates were evaluated and identified through a DBS surgical candidacy consensus meeting, which includes experts in stereotactic and functional neurosurgery, movement disorder neurology, neuropsychology and nursing. Specific inclusion criteria included for DBS: clinical findings consistent with idiopathic PD or primary dystonia, inadequate control of symptoms with optimal nonsurgical treatment in the Parkinson's patients severe ON/OFF fluctuations and/or dyskinesias and good initial L-dopa response. Exclusion criteria for MRI included: subject claustrophobia or other contra-indications for 7 T MRI (such as pacemakers and metallic implants). This study was approved by the Institutional Review Board at the University of Minnesota. More information about the participants, including clinically relevant details, can be found in Table 1 . The clinical team choose the DBS target, in a given patient, based on individual patient characteristics. For example, PD patients with neuropsychological abnormalities, prominent dyskinesias, or prominent dystonia were more likely to receive GPi DBS, while patients with prominent tremor, or in whom medication dose reduction was a high priority were more likely to receive STN DBS. Our dystonia patients (including cervical dystonia, i.e. spasmodic torticolis) all received GPi DBS.
Scanning protocol
Patients were scanned on a 7 T MRI scanner (Magnetom 7 T Siemens, Erlangen, Germany). The scanner was equipped with SC72 gradients capable of 70 mT/m and a 200 T/m/s slew rate using a 32-element head array coil (Nova Medical, Inc., Burlington, MA, USA). On the day of scanning, the patients were instructed to take their usual medication in order to optimize patient comfort and minimize motion. Whenever patient head size enabled enough space in the coil, dielectric pads were utilized in order to enhance signal in the temporal regions (Teeuwisse et al., 2012) .
The scan protocol consisted of: T1-weighted whole brain scan (0.6 mm 3 isotropic), T2-weighted axial slab covering the whole pallidum More information about the scanning protocol can be found in Table 2 . An example of a complete dataset is given in Fig. 1 . NeuroImage 178 (2018) 198-209 Image processing and analysis
Analysis approach
Probabilistic tractography is chosen as a primary tool to parcellate the GPi into motor, associative, limbic, and "other" regions (see (Calabrese, 2016) for review of tractography in DBS). This method has been proven reasonably reproducible and reliable in other studies (Behrens et al., 2003; Plantinga et al., 2016) . The GPi lacks direct connections to the cortex (Da Cunha et al., 2015; Gunaydin and Kreitzer, 2016; Martinu and Monchi, 2013) ; therefore, the analysis was based on GPi's efferent projection to thalamus in two stages, as follows: 
Diffusion MR imaging preprocessing
Preprocessing steps included: motion, susceptibility, and eddy current distortions correction using FSL's eddy and topup algorithms (Andersson et al., 2003) . Then, diffusion parameters were estimated using a three-fiber model with FSL's bedpostX (Behrens et al., 2007) .
GPi/GPe segmentation
Given the large variability in size, shape, and orientation of small sub- (Duchin et al., 2014) and the GPi, using a template may not be suitable for DBS targeting. Therefore, using a high contrast, high-resolution, 7 T images we acquired, manual segmentation was preferred over using a template. For each subject, the GPi and the globus pallidus externa (GPe) were manually segmented on the 7 T T2 axial image. The border between the two structures was visible in the images and determined to be the internal medullary lamina ( Fig. 1 bottom, Fig. 1 bottom A) . The segmentation was carried out using the Avizo software (FEI, Hillsboro, OR, USA). Along with the T2-weighted images, these binary segmentations were co-registered to each subject's T1-space using the Advanced Normalization Tools (Avants et al., 2011) . These segmentations were then binarized using a threshold of 0.45, which was empirically determined to least affect the volumes of the segmentations and correct for interpolation error. The good intra-observer agreement index for segmentations of the basal ganglia based on similar images was demonstrated previously (Lenglet et al., 2012) . In this study, GP segmentations were reviewed by a cohort of the authors of this work.
Cortical masks generation
Given the large volume of these cortical masks the use of a template was deemed appropriate. A 1 mm 3 isotropic T1-weighted reference brain, developed by the Montreal Neurological Institute (MNI) (Grabner et al., 2006) , was manually divided into four cortical areas: the motor, associative, and limbic cortical areas, and the remaining cortex was grouped into region defined as "other" (Fig. 1 B) . More details about this segmentation are available elsewhere (Plantinga et al., 2016) . The T1-image from each patient was non-linearly registered to MNI space using the Human Connectome Project's minimal processing pipelines (Glasser et al., 2013) . The inverse registration was used to bring the cortical masks from MNI space to the patient's native T1-space. The cortical masks were, in turn, masked with gray matter segmentations of the patient's T1-image produced with AFNI's 3dSeg that were dilated by one voxel. This resulted in 4 Gy matter cortical masks in each subject's native space.
Thalamus segmentation
For a similar reason outlined in 2.3.4, the thalamus was extracted from the Destrieux Atlas 2009 (Destrieux et al., 2010) in T1 native space as obtained using the Human Connectome minimal preprocessing pipeline (Glasser et al., 2013) (Fig. 1C) .
Parcellation of the thalamus
Tractography analysis was carried out ipsilaterally with FSL's probtrackX2 and was performed in T1-space with the voxels of the thalamus as seed regions and the cortical masks as targets. Other fiber tracking settings included FSL's default curvature threshold of 0.2, maximum number of steps per sample of 2000, step length of 0.5 mm, subsidiary fiber volume threshold of 0.01, and termination of pathways that looped back on themselves. Using the ipsilateral cortex as inclusion region and the contralateral cortex as exclusion region, the number of tracts reaching any of the four ipsilateral cortical regions was computed for each voxel in the thalamus. Since the goal of this step is to create targets for the parcellation of the GPi, parcellation masks were created by assigning each voxel to one cortical region by following a winner-take-all approach.
Parcellation of the GPi
For the parcellation of the GPi, the parameters for probtrackX2 were kept the same as for the parcellation of the thalamus. The only difference being that the voxels of the GPi were used as the seed regions and the thalamus parceled regions were used as targets. Using the ipsilateral thalamus parceled regions as inclusion region and the contralateral cortex as exclusion region, the percentage of tracts reaching any of the four ipsilateral cortical regions was computed for each voxel in the GPi. A voxel was considered to be connected to that thalamus parceled area if at least 25% of its probabilistic tracts connected the two, allowing for one voxel to be connected to more than one cortical area. This threshold was preferred over a winner-takes-all approach, because with a diffusion resolution of 1.5 mm isotropic, one voxel might contain several white matter tracts.
Validation & reproducibility
As a first step to validate our parcellation method, each thalamus parcellation was compared to the thalamic connectivity-based segmentation as demonstrated by Behrens et al. (2003) . Second, in order to assess the intra-subject reproducibility of our method, a 25-year-old healthy male subject was scanned three times on two different days with the same scanning protocol. The three datasets were then analyzed as described above and the reproducibility of the outcome results was assessed by comparing the overlap of each functional region. Third, to validate the organization of the GPi territory as based on the pathway we chose (i.e. the GPi's efferent projection to thalamus), we repeated the tractography-based parcellation of the GPi using the GPi's afferent pathway from striatum (step 7 in Fig. 2) . It has been shown that connectivity pathways between the basal ganglia and the cortex are organized in "parallel loops; " therefore, we expect to observe a similar organizational pattern within the GPi with both the afferent and efferent pathways (Kelly and Strick, 2004) . The striatum was used as a waypoint and the cortical regions as targets. The striatum masks were extracted (Destrieux et al., 2010) in T1 native space as obtained using the Human Connectome minimal preprocessing pipeline (Glasser et al., 2013) .
Clinical relevance
We used postoperative imaging (CT) as well as information contained in each patient's DBS monopolar review of clinical outcomes to build a postoperative 3D model for each patient including final electrode location as well as the location of the therapeutic (also called "active") contact(s). The active contact(s) was chosen clinically based on a systematic assessment of benefits and side effects for each contact over a range of stimulation amplitudes (i.e. monopolar review) and verified by assessing therapeutic results over subsequent weeks to months of stimulation with the selected contact.
Results

Parcellation of the thalamus
Fig. 1 bottom C shows one example of thalamus segmentation in one patient. The average volume of the thalamus, in native space, for all patients was 7291 AE 2285 mm 3 . Fig. 3 shows the parcellation of the thalamus for all patients and how it compares to the Behrens Atlas (Behrens et al., 2003) . The parcellation of the thalamus served two purposes: validation of the methods and generation of the target for GPi parcellation. Thalamus parcellation patterns were found to be comparable to the ones described in previous studies (Behrens et al., 2003; Plantinga et al., 2016) . The limbic region encompassed the anterior, posterior, and medial areas of the thalamus. The "other" region was immediately anterior to the posterior part of the limbic region, followed anteriorly by the motor and associative regions. The parcellations were then used as targets for the GPi parcellations. Fig. 1 bottom A shows one example of GPi/GPe segmentation in one patient. The average volume of the segmented GPi, in native space, was 573 AE 122 mm 3 . There was no statistical difference between the size of the left and right GPi volumes (P % 0.9). The volumes of the segmented GPi are shown in Table 3 . There were not enough dystonia patients available in this study to meaningfully compare whether there are differences in GPi volumes between PD and dystonia patients. Finally, for reproducibility testing, the healthy subject GPi segmentation across the three repeated measurements yielded GPi volumes within one standard deviation of the patient's GPi volumes (629 AE 44 mm 3 ). Fig. 3 . The organization of individualized parcellation of the thalamus in patients matches that of the template. Top: Cortical masks in the same space as the Behrens atlas (left) and snapshot of the Behrens template using the same colors as the Behrens et al. manuscript (Behrens et al., 2003) on the right using the colors from the present study. Bottom: parcellation of the thalamus for each one of the patients. The screenshots were taken at a similar slice for each patient in their native T1 space. Blue ¼ Motor region, Green ¼ Associative region, Red ¼ Limbic region, Yellow ¼ "Other" region. Parcellation of the GPi Fig. 4 shows the results of a 3D reconstruction for the parcellation of the GPi of 5 representative patients. Fig. 5 shows the organizational pattern of the functional territories for 3 patients in axial cross-section views. The organization of the functional territories of the GPi observed here follows a reproducible and consistent pattern across all subjects as well as across left and right GPi. The description of the organization of the functional territories of the GPi is done here with respect to the long (A -P) axis of the GPi. The motor region, in general, is located posteriorly but shifts to a posterolateral position in the inferior slices. In 31 out of 34 GPi parcellations, the motor territory is located posterolaterally followed anteriorly by the associative territory. In 29 of those parcellations the limbic territory is immediately anterior and inferior to the associative territory. In 27 of the 34 GPi parcellations, the "other" territory is located at the posterior tip of the GPi.
Segmentation of the GPi
Validation and reproducibility of GPi segmentation and parcellation
The repeatability of the parcellation analysis was tested by repeating the acquisition and analysis on data acquired from a healthy control over two days (three total sessions). The segmentation of the GPi for this Fig. 4 . Parcellation of the GPi for five patients. Blue ¼ Motor region, Green ¼ Associative region, Red ¼ Limbic region, Yellow ¼ "Other" region. Light peach color ¼ GPe. subject was very consistent across sessions yielding very low intra-subject variability in volume size when compared to inter-subject variability measured in the patient population (about one-third as much). Fig. 6 shows the parcellation results for the three sessions. The pattern is consistent across the three sessions with only minor differences. Thresholding out the 25% lowest values, the Dice coefficients for the intra-subject comparison were 0.65, 0.63, and 0.59 for the associative, motor and limbic regions, respectively.
Another validation for the consistency of the functional organization of the GPi was obtained by parcellation of the GPi based on a different pathway. Fig. 7 shows two examples of parcellation of the GPi using the striatum as a waypoint mask and the comparison to what was obtained with the thalamus. A similar and consistent pattern was observed when the parcellation was performed via the thalamus or via the striatum. Thresholding to discard the bottom 25% of values, the Dice coefficients, comparing the overlap between the parcels obtained via Thalamus and those obtained via the Striatum, were 0.65, 0.53, and 0.68 for the associative, motor and limbic regions, respectively.
Clinical relevance
Out of the seventeen patients, fourteen underwent GPi DBS surgery and the remaining three underwent DBS of the STN. For the fourteen patients who underwent DBS surgery of the GPi (including one staged bilateral procedures for a total of 15 surgeries), the post-surgical CT scan was merged with the patient-specific anatomical model. Following the initial DBS programming, it was found that 15 out 15 of the DBS electrodes (100%) were placed in the GPi. 14 out of the 15 (93%) DBS leads had an active contact which overlapped with the high probability "motor" region of the GPi as defined by imaging-based methods (see Fig. 8 for four examples) or in its immediate vicinity (about 1 mm). In one case, while the deepest contact was located ventrally in the GPi, the most therapeutically beneficial contact was determined to be more superior and lateral, located within the GPi-GPe border area.
Discussion
In this study, we aim at identifying, on a subject-by-subject basis, the functional territories of the GPi with the intention of localizing the motor territory for the purpose of enhancing future DBS targeting on a finer scale. To achieve this goal, 7 T MRI scans were done in 17 patients (prior to DBS surgery) and one control subject. Using 7 T MRI, a similar and consistent organizational pattern was found across all subjects. The observed functional organization of the GPi was supported by multiple cross references including repeated scans from a given control and by using parcellation via both afferent and efferent pathways. Furthermore, using post-surgery CT imaging, final DBS lead and contact locations were found to overlap with the motor region making the organizational pattern of clinical relevance. The focus on actual movement disorder patients bridges the gap and demonstrates a clear translational application between basic research and potential clinical use. Contrary to previous reports focusing on the methodological aspect using healthy controls as input data, we are able to directly relate our parcellation results to each individual patient's DBS device and its programming outcomes. Finally, we expand on the previous approaches and report here a novel parcellation technique that is a two-staged and may prove to be more specific as it is more constrained due to use of thalamic subterritories.
The GPi volumes obtained from manual segmentation of the DBS patients were in agreement with values reported in the literature (Vasques et al., 2009 ). The motor parcel of the GPi was consistently located in the posterolateral portion immediately followed anteriorly by associative and limbic regions, respectively. The limbic region was anterior and inferior to the associative region. This was found to be true across 31 out of 34 GPis as well as across all three sessions acquired for a healthy control (6 GPis). This finding is consistent with a previous human study in which calbindin immunoreactivity was studied in the GPi, among other basal ganglia structures, and a gradient corresponding to the intensity of labeling was observed (Karachi et al., 2002) . The authors identified three main regions within the gradient corresponding to weak, intermediate, and strong calbindin labeling moving from the posterior to the anterior portions of the GPi. Strong calbindin labeling was linked to regions receiving sensorimotor, associative and limbic projections from the striatum (Karachi et al., 2002) . In monkeys, immunohistochemistry studies have shown that limbic projections within the GPi are located in the most anterior part of the structure (Côt e et al., 1995) , which agrees well with the observations made in this study. Furthermore, a labeling study focusing on macaques to investigate the topological organization of the pallidum and the substantia nigra with respect to associative and sensorimotor projections found that, akin to our findings, the sensorimotor region was located posterior to the associative region (François et al., 1994) ; this finding was also found in a study using striatal stimulation in the awake monkey (Tremblay and Filion, 1989) as well as a Golgi study in the macaque (Percheron et al., 1984) , and a tracing study in the squirrel monkey (Smith and Parent, 1986 ). This pattern is also consistent with recent findings in which the motor territory found here R. Patriat et al. NeuroImage 178 (2018) 198-209 corresponds to a thalamic cluster believed to represent the GPi's main efferent sensorimotor tracts (da Silva et al., 2017) . Finally, the relatively low Dice values reported here can be explained by the small volumes of the different parcels in respect to the input imaging voxel size (Shamir et al., 2016 (Shamir et al., , 2018 . This is especially true since those small volumes are determined from 1.5 mm 3 isotropic diffusion data. Further, given that the pallidothalamic and pallidostriatal tracts do not necessarily take on the same roles, one cannot expect a parcellation from the two pathways to be an exact match. However, both methods yielded a very similar spatial organization of the different functional territories within the GPi. The consistent organizational pattern of the functional territories of the GPi seem to align with the organizational pattern found in the STN (Supplemental Fig. 1 (Plantinga et al., 2016) ;) and the thalamus (Behrens et al., 2003) . This would further suggest that fiber pathways, within the basal ganglia-thalamocortical pathways, connect similar functional territories (e.g. STN Motor -> GPi Motor -> Thalamus Motor -> Cortex Motor) from bundles that run parallel to one another. The presence of segregated circuits, organized in parallel, has been hypothesized previously (Alexander et al., 1986) . Recent imaging studies using DTI in healthy individuals uncovered similar parallel arrangements in the sensorimotor tract (Archer et al., 2017) as well as the thalamocortical pathway (Behrens et al., 2003) ; here, we show that this organization is likely preserved between the thalamus, the GPi and the STN and can be visualized in vivo and in individual patients using high resolution imaging techniques.
Patient-specific models in which the visualization of the patient's own anatomy is being used for targeting, combined with parcellation methods derived in this study, have the potential to significantly improve surgical accuracy. By delineating the motor region derived from the patient's own imaging data, targeting can be made more accurate and precise requiring fewer trajectory passes during the micro-electrode recording stage to delineate the target, resulting in faster surgeries, and ultimately decreased the risk of infection or hemorrhage. Precise patient specific targeting of the sensorimotor territory has many advantages the least of which is providing patients with better, more consistent outcomes and less side effects with a procedure that can be performed in less time for both implantation and programming. Greater consistency in lead placement in the sensorimotor territory will decrease the variability in motor improvement between patients and centers due to more precise electrode placement. Finally, patient specific models can be used post-operatively to visualize the final location of the DBS electrode and contacts. Accurate delineation of contact locations within the target structure relative to the motor, associative and limbic territories can be used to develop probabilistic maps of improvement in individual motor signs within the STN and GPi as well as characterize the type and incidence of non-motor side effects when volume of tissue activation fields encroach on these non-motor territories. These data can be used to develop patient specific automated programming algorithms that restrict current fields to the sensorimotor territory while avoiding spread encroachment into nonmotor associative and limbic territories thus reducing side effects while optimizing motor outcomes (Pena et al., 2017) . This is all the more relevant now that industry and academic centers work on DBS electrodes with more contact (segmented) elements making the number of possible settings ever more complicated and lengthening clinic time required for optimizing these settings.
Limitations
Scanning patients with movement disorders, such as Parkinson's disease, dystonia or essential tremor, bring about challenges in terms of image quality due to excessive motion that is detrimental for any MR images. To minimize these effects, we used shorter scanning protocols specially optimized for imaging of movement disorder patients; this protocol has been discussed elsewhere in greater detail (Abosch et al., 2010; Lenglet et al., 2012) . Future development of MRI sequences that are faster and less susceptible to motion will significantly advance similar studies.
Ultra-high field diffusion imaging, e.g. at 7 T, has been shown to experience signal loss in the temporal lobes (Polders et al., 2011) . In this study, we used dielectric pads, whenever they could be fitted comfortably, to increase the signal to these regions (Teeuwisse et al., 2012) . Nevertheless, this issue may affect our results by potentially lowering the estimation of connections to the limbic regions in the temporal and orbitofrontal areas.
While this study uses high-resolution data at ultra-high field, partial volume effects likely play a role in our results, especially at the border between the GPi and GPe and also at the ventral and medial borders. This may introduce some degree of variability in our results and may partially explain the variance in the sizes and shapes of the overlapping functional regions seen across subjects.
The foundation of this method rests on the quality of the registration between the parceled MNI brain and each individualized subject's brain. While this non-linear registration was verified for each subject, it is possible that small inaccuracies impact the GPi parcellation. This is likely to be more impactful at the borders between the different territories.
Also, the GPi is in close proximity to the thalamus; therefore, it is natural to worry about confounding factors such as distance and volume. Distance confound relates to the higher probability for a tract to be identified between structures close to one another. Volume confounds relates to the higher probability for a tract to be identified if the target is larger. We assume that these confounds did not bias our results given that we found similar parcellations outcomes preformed via the thalamus and via the striatum, which are pathways with different distances and different structures size.
Additionally, the threshold method that was used to visualize the functional territories within the GPi displays the different regions as having distinct boundaries. However, this obscures the underlying data in which there is gradual overlap between the territories. The distinct boundaries will vary according to the threshold chosen.
Finally, the number of parcels in which the GPi was divided into corresponds directly to the number of predefined cortical segmentations. While the functional territories of interest were chosen because of their importance in the context of DBS surgeries, they can only result in a maximum of four GPi parcels; Using a clustering algorithm to parcellate the cortex and GPi might help provide insight as to a more realistic number of functional regions. Future studies, using submillimeter spatial resolution, will be key to determining accurately the number of zones independently for each patient. 
Conclusion
The field of DBS is rapidly advancing with major manufacturers and startup companies developing new and impressive electrode and battery technology. While some of these improvements may help improve benefits for less than ideal electrode placement (i.e. current steering), accurate targeting remains essential for DBS to be effective. In this study, we demonstrate the feasibility of direct targeting using patient-specific models of the GPi constructed from 7 T MRI data as well as the possibility to uncover functional territories within the GPi. These functional territories were found to be organized in a reproducible manner and were shown to be clinically relevant. These findings have the potential to improve DBS targeting, in general, by increasing the community's knowledge about which specific regions of the GPi to target and, perhaps which regions to avoid. Additionally, the patient-specific methodology utilized in this study could facilitate DBS targeting at the individual level by providing the neurosurgeon and neurologist with a target area, within the GPi, specific for each patient. Such planning methods could potentially result in improved motor benefits while decreasing the risk of unwanted side effects associated with unintended stimulation of other functional territories, while aiding in the development of automated programming strategies. We believe that the validity and reliability of our results constitutes a step forward towards individualized DBS surgical treatment.
